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Abstract – The organic salt α-(BEDT-TTF)2I3 is considered a model system for metal-insulator
transition due to electronic charge ordering at TCO = 135 K. The optical properties obtained from
polarized reflection measurements above and below TCO can be well described by calculations based
on first-principle density-functional theory (DFT). We discuss the effect of electronic correlations
on the metal-insulator transition.
Introduction. – The charge-transfer salt α-(BEDT-
-TTF)2I3 was the first molecular crystal to show high-
conductive electronic properties in two dimensions [1–3].
Fukuyama and collaborators [4–6] proposed that the pro-
nounced metal-to-insulator transition at T = 135 K is
caused by the development of a charge-ordered state
driven by electronic correlations. Subsequently, the emer-
gence of a second doublet in 13C-NMR spectra [7, 8], the
splitting of charge-sensitive modes in Raman- [9, 10] and
IR-spectroscopy [11,12], and careful x-ray diffraction mea-
surements [13] unambiguously confirmed that the system
establishes charge disproportionation.
The title compound consists of layers formed by the
BEDT-TTF molecules [fig. 1(a)] that are separated along
the c∗-direction by I−3 anions creating a two-dimensional
system. Each anion receives one electron from two BEDT-
TTF molecules leading to half an electronic charge per
cation. Thus, the system can be considered as a quarter-
filled system. The room temperature conductivity in
the ab-plane is rather high, ranging between 10 and
100 (Ωcm)−1, depending on the specimen. The resistivity
ratio ρa : ρb = 2 : 1 indicates the quasi-two-dimensional
character of this material. In contrast, the resistivity per-
pendicular to the ab-plane is larger by a factor 1000. The
intuitive picture of holes as dominant charge carriers in the
BEDT-TTF layers is confirmed by thermopower and Hall
effect measurements [1,14,15]. Previous theoretical calcu-
lations [16–19], however, consistently yield a semi-metallic
behavior at ambient conditions: the Fermi surface inter-
sects the valence band and conduction band leading to
hole and electron pockets.
On cooling the resistivity shoots up by several order of
magnitudes in a narrow temperature range around 135 K
as depicted in fig. 2. Heat-capacity measurements also ev-
idence this first-order metal-insulator transition with a di-
verging behavior at the transition temperature [20]. NMR
and optical experiments as well as x-ray scattering stud-
ies [7–13] render charge disproportionation between the
molecular sites indicating the development of a long-range
horizontal charge order below TCO = 135 K. However, sig-
natures of weak charge disproportionation were also ob-
served above the transition.
In general, charge order is due to electron-electron in-
teractions in the form of on-site Coulomb interaction U in
combination with nearest-neighbor interaction V as the
driving forces for the metal-indulator transition [21]. Re-
cently, density function theory (DFT) calculations on the
basis of general gradient approximation (GGA) functional
could determine both the metallic and the insulating state
as well as the charge imbalance between the molecular
sites [19]. Since these model do not take into full account
electronic correlations, it became questionable how much
electron-electron interactions actually influence the phys-
ical properties. In fact, they found the changing strength
of the donor-anion hydrogen bonding interaction is cru-
cial for the redistribution of holes on the BEDT-TTF
molecules.
Besides dc resistivity, optical properties are most sen-
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Fig. 1: (a) Sketch of the bis-(ethylenedithio)tetrathiafulvalene
molecule, called BEDT-TTF. (b) Drawing of the α-(BEDT-
TTF)2I3 unit cell with orientation along the c
∗-direction. The
unit cell contains four BEDT-TTF and two I3 molecules. The
cations are arranged in a herringbone-like structure within the
ab-plane separated from each other along the c∗-direction by
the anions. (c) Illustration of the development of the charge
disproportionation and crystal symmetry in α-(BEDT-TTF)2-
I3 when cooling from room temperature to 0 K. The ab-plane
is displayed with the four BEDT-TTF molecules labeled by A,
B, and C; the anions are not included for simplicity. The A
molecules are related to each other by a point inversion on their
connecting line. The opacity of the green color represents the
charge imbalance between the molecules. At T = 300 K there is
an imbalance between molecule B and C. Below TCO the point
inversion is lost and the A molecules become inequivalent. A
stripe-like charge-order pattern develops along the b-direction.
sitive to the metal-insulator transition and charge dispro-
portionation, as they reflect the local charge distribution
in vibrational features [10,22–24] as well as the electronic
response in a large dynamic range [22]. Although the in-
frared optical properties of α-(BEDT-TTF)2I3 have been
measured repeatedly [3,11,12,25–32], no attempt has been
reported, to link the experimental results with the calcu-
lated band structure. Hence, we have performed extended
calculations based on density functional theory in order
to determine the band dispersion of α-(BEDT-TTF)2I3
along a specific path as well as the electronic excitation,
which we subsequently compare directly to our experimen-
tal results. We conclude that correlation effects are not
as important to drive the system into the charge-ordered
phase as previously presumed.
Electronic band structure. – The band structure
of α-(BEDT-TTF)2I3 was determined by ab-initio DFT
calculations as standardly implemented in the software
package Quantum Espresso (Version 4.3.2 and 5.1) [33].
Fig. 2: Resistivity of α-(BEDT-TTF)2I3 as a function of in-
verse temperature 1/T between 300 and 75 K. The dashed ver-
tical line marks the metal-insulator transition at TCO = 135 K,
which is characterized by an abrupt and steep increase of ρ(T )
by several orders of magnitude. In the inset the derivative of
the logarithm of the resistivity ρ(T ) is plotted as a function of
1/T . The transition manifests itself as a sharp peak indicating
a first-order transition. The photograph shows the cut α-(BE-
DT-TTF)2I3 crystal with gold wires attached by carbon paste.
The sample was glued to the ground plate by GE vanish. The
distance of the inner contacts is 280 µm and the width was
about 300 µm, the sample thickness is approximately 80 µm.
In contrast to the well-established Hu¨ckel theory with its
molecular orbitals, the semi-empirical DFT is based upon
plane-waves and uses the advantage of the crystal period-
icity. We employed a norm-conserving PBE general gra-
dient approximation (GGA) functional [34] for all atom
types, up to a certain level taking into account the ex-
change correlation as well as the spatial variation of the
charge density. The cut-off energy for the plane waves and
electronic density was set to 30 Ry and 120 Ry, respec-
tively. The self-consistent energy calculations were per-
formed on a regularly spaced grid of 8× 8× 4 Monkhorst
grid [35]. Since α-(BEDT-TTF)2I3 is metallic at room
temperature, a smearing factor of 0.05 Ry was selected.
The crystal structures determined from x-ray scattering
experiments at room temperature and low temperature
were taken from Emge et al. [16] and Kakiuchi et al. [13].
They are used without any optimization of the unit cell
parameters or the atomic positions.
The electronic band structure of α-(BEDT-TTF)2I3
is depicted in fig. 3 covering an energy range from -1
to 2 eV along the path Γ(0, 0, 0) → S(−0.5, 0.5, 0) →
X(0.5, 0, 0) → Γ(0, 0, 0) → Y (0, 0.5, 0) → Z(0, 0, 0.5) →
Γ(0, 0, 0) in units of the triclinic reciprocal lattice vectors.
Three regions with several bands can be identified in the
displayed energy range. The upper band located between
1 eV and 1.5 eV are attributed to the LUMO bands of the
BEDT-TTF molecules. Since the unit cell contains four
p-2
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Fig. 3: Calculated band structure of α-(BEDT-TTF)2I3 (a)
in the metallic state at T = 300 K and (b) in the insu-
lating state at T = 20 K along the k-path: Γ(0, 0, 0) →
S(−0.5, 0.5, 0) → X(0.5, 0, 0) → Γ(0, 0, 0) → Y (0, 0.5, 0) →
Z(0, 0, 0.5) → Γ(0, 0, 0). The Fermi level EF is indicated by
the red dashed lines.
molecules, four bands are found at the Fermi energy EF
(depicted by the red dashed line). Two are well separated
from the Fermi energy whereas the upper band intersects
EF . From that, we conclude that α-(BEDT-TTF)2I3 is a
metal with electrons as major carriers, which agrees with
previous calculations [18, 19] where also electron pockets
were found and additionally small hole pockets. As dis-
cussed by Alemany et al. [19], the discrepancy can be as-
cribed to numerical uncertainties in the calculations since
the difference are on the meV regime as well as to the
(unrelaxed) used crystal structures leading to small devi-
ations.
Fig. 3(b) illustrates that a small indirect gap opens upon
cooling in the charge-ordered state. Only 21 meV sepa-
rate the bands from each other; direct gap amounts to
55 meV. This is in perfect agreement with the values from
Ref. [19] with 30 meV and 60 meV, respectively. From
the dc measurements plotted in fig. 2 we can extract a
thermally activated behavior below T ≈ 100 K with an
energy gap ∆ρ = (60± 1) meV, in accordance with previ-
ous transport experiments [40 meV (b-axis) and 80 meV
(a-axis)] and optical results of 75 meV [11,30]. The total
bandwidth W is about 0.6 eV, which is in agreement with
the values from the tight-binding model [18].
The dispersion of the bands along the c-direction, i.e.
perpendicular to the layers, is very weak and does not
change considerable with temperature, except for a shift
away from EF .
Optical conductivity. – Here, we focus on the the-
oretically and experimentally derived infrared conductiv-
ity. The polarization dependent reflection data off the
ab-plane of a α-(BEDT-TTF)2I3 single crystal were col-
lected between T = 300 and 20 K according to the stan-
dard procedure [11, 22]. Since the infrared optical prop-
erties of α-(BEDT-TTF)2I3 have been reported and dis-
cussed in many details previously [3,11,12,25–32], we can
concentrate in this Letter on one typical spectrum in the
metallic state (T > TCO) and one in the insulating state
(T < TCO). The results are displayed in the upper panel
of fig. 4. The experiments are complemented by numer-
ical simulations, where we derived the optical response
of α-(BEDT-TTF)2I3 from our DFT calculations after a
self-consistent energy run with parameters and settings
mentioned in the previous Section. The vertical electronic
transitions were calculated on 200 equally distributed k-
points in the Brillouin zone. The interband transitions
were folded with Lorentzian functions of 100 meV width
and the intraband transition with a 10 meV broad Gaus-
sian function, respectively.
In fig. 4 the conductivity σ1(ω) measured in the fre-
quency range from 100 to 6000 cm−1 for the polarization
E ‖ a and E ‖ b at the temperatures T = 150 K and
120 K is compared to the simulated optical conductivity
for room temperature and T = 20 K. The spectra taken
along the a-direction [panel (a)] exhibit an average con-
ductivity of about 100 (Ωcm)−1 above 2000 cm−1. At
lower frequencies it is dominated by a broad mid-infrared
band which is disturbed by electron-molecular vibrational
(emv)-coupled modes of the BEDT-TTF molecules. In the
limit ω → 0, the conductivity approaches 100 (Ωcm)−1 for
T = 150 K in accord with the metallic character. Below
TCO, σ1(ω → 0) drops to zero and an energy gap opens
at about ∆opt = 500 cm
−1, corresponding to 60 meV,
as a hallmark of the metal-insulator transition. It is re-
markable how well this temperature evolution and spec-
tral shape is rendered by the calculated spectra, plotted
in fig. 4(b). The optical responses of the metallic and
the insulating state are described very precisely. Also, the
absolute values agree very well with the experimental find-
ings, solely the vibrational modes are missing since they
are not included in the model. The theoretical investiga-
tions allows us to assign the mid-infrared band to several
interband transitions.
In contrast to the a-direction, the frequency-dependent
conductivity along the b-axis is higher by at least a fac-
tor of 2, as seen in fig. 4(c). This agrees well with the
fact that the orbital overlap is larger perpendicular to the
stacks with respect to the stacking direction. The spec-
trum also reveals a broad mid-infrared band due to elec-
tronic origin with emv-coupled vibrational modes super-
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Fig. 4: Measured optical conductivity σ1(ω) of α-(BEDT-TTF)2I3 along the (a) a-direction and (c) b-direction for T = 150 K
(above TCO, red) and T = 120 K (below TCO, blue). (b) Theoretically calculated optical conductivity at ambient (red) and low
temperatures (blue). (d) Corresponding simulated σ1(ω) for the polarization E ‖ b at T = 300 K (red) and 20 K (blue). The
anisotropy, the temperature dependence as well as the spectral dependence of the conductivity is perfectly reproduced by the
DFT calculations. Noteworthy, the calculations take into account solely electronic excitations. The inter- and intra-molecular
vibrations present in the experimental spectra are unaccounted for by the calculations.
imposed on top of it. In the metallic state the conductiv-
ity below 1000 cm−1 is around 200 (Ωcm)−1. Below the
metal-insulator transition the low-frequency conductivity
σ1(ω) drops by several orders of magnitude, and already
at T = 120 K an energy gap has clearly been developed
similar to the polarization E ‖ a. This is accompanied by
a transfer of spectral weight from lower frequencies (i.e.
ω/2pic = ν < 1000 cm−1) to high frequencies. The calcu-
lated spectra in panel (d) also shows a metallic behavior at
room temperature. The mid-infrared band is composed of
several excitations between electronic different bands. Due
to the small broadening of 100 meV they can be distin-
guished, but should not be mixed up with the vibrational
features of the emv-coupled modes. At low temperatures
the spectrum reveals an energy gap and the conductivity
drops rapidly to zero. As aforementioned, the determined
direct gap value is ∆calc ≈ 55 meV (440 cm
−1) which is
obscured by the broadening of the interband transition.
Discussion. – Our band structure calculations for α-
(BEDT-TTF)2I3 at ambient conditions yield a metallic
state with electrons as the majority charge carrier; the
electron pockets are located around the S-point. Although
the hole band reaches very close to EF , we do not see any
crossing. Previous calculations with relaxed molecules and
unit-cell parameters have predicted a semi-metallic behav-
ior with very small hole in addition to the large electron
pockets [19]. Since the bandwidth is rather small, any
subtle change of the structure and temperature will shift
EF . Thus, from the theoretical side there remain some
ambiguity, what the majority carriers are. Note, however,
thermopower and Hall measurements unequivocally evi-
dence hole conduction [1, 14, 15].
From fig. 3 it becomes obvious that the contact point
of the quasi Dirac cone fall between the S- and X-point.
Note that the evolution of the Dirac band structure is a
delicate affair since small variations of the temperature as
well as the strength of the applied pressure and its manner
can influence the band dispersion [17–19, 36, 37]. While
in graphene the energy range with linear dispersion ex-
tends over 1 eV [38], for α-(BEDT-TTF)2I3 it is less than
100 meV. Taking into account the smearing of the den-
sity of states at high temperature, the contribution of the
Dirac fermions to the optical conductivity is only possible
at high pressures and very low temperatures. However,
even in this case the Fermi energy intersects other parts of
the band structure and, hence the Drude component of the
ordinary charge carriers can obscure the view on the Dirac
fermions. Very recently, extensive low-temperature inves-
tigations of the optical properties of α-(BEDT-TTF)2I3
under hydrostatic pressure have confirmed this conclusion
[12].
Comparing our optical data with the theoretically de-
termined conductivity spectra (fig. 4), the excellent agree-
ment is obvious in many respects: The absolute value, the
p-4
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in-plane dc resistivity ration ρa : ρb = 2 : 1, and also
the anisotropy of σ1(ω) along the a- and b-direction is de-
termined correctly. But also the spectral shape for both
polarizations and phases is reproduced very well. Most
important, our numerical simulation yield the transfer of
spectral weight due to the phase transition at TCO rather
accurately. The low-temperature insulating phase exhibits
a band gap of ∆calc ≈ 55 meV, which agrees perfectly
with the results from our optical and transport studies.
Since electron-electron interactions are only included to a
certain fraction in DFT calculations, we have to question
whether electronic correlations actually drive the transi-
tion into the charge-ordered state. At least they are not
obvious from our optical spectra.
This appears to be different in the case of half-filled or-
ganic conductors, such as κ-(BEDT-TTF)2Cu[N(CN)2]-
BrxCl1−x, where the optical spectra [39–43] could be well
reproduced by a combination of density functional theory
calculations and the dynamical mean field theory approach
[44]. Tuning the bandwidth W by pressure, the dimerized
Mott insulator is transformed to a Fermi-liquid and su-
perconductor [45,46]. The evolution of the experimentally
observed spectra by chemical pressure via the Br-content
x is well reproduced by variation of the effective correla-
tions U/W . The double-natured origin of the mid-infrared
peak in σ1(ω) suggested from the experimental data [39]
was confirmed: an interband transition which is unaffected
by electronic correlations and a correlation-induced intra-
band contribution. The latter one scales with U but is to
the charge transfer within an BEDT-TTF dimer present
in the κ-phase. It would be interesting to extend these
theoretical investigations to non-dimerized sytems, which
are commonly described by the extended Hubbard model
with on-site and inter-site Coulomb repulsion, U and V ,
being of relevance [4–6].
Conclusions. – Our comparative theoretical and ex-
perimental study on the optical properties of α-(BEDT-
-TTF)2I3 at the metal-insulator transition reveals a great
deal of agreement. From our DFT calculations of the
electronic band structure, we derive frequency dependent
conductivity in the metallic and charge-ordered state that
match the optical spectra measured the reflectivity in all
crystallographic directions. We can precisely reproduce
the temperature-dependent evolution and shape, as well
as the shift in spectral weight and opening of the optical
gap. We do not observe any indications of correlations in
our optical spectra of α-(BEDT-TTF)2I3. This endorses
the idea that correlation effects are not as important to
drive the system into the charge-ordered phase as previ-
ously presumed.
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